Abstract A numerical model of radiation has been adopted for electrothermal-chemical (ETC) launcher, in which Monte Carlo method and statistical physics are employed to simulate the process of a capillary plasma source in an ETC launcher. The effect on propellant grains with different average absorption coefficients is discussed. The plasma-propellant interaction is also discussed when combined with a thermal model. Results show that the strong instantaneous radiation is responsible for the transmission of energy to the propellant grains leading to ignition. The efficiency of energy absorption in the propellant bed always maintains a high level. Radiant energy caused by plasma is concentrated around the plasma injector. And the "hot zone" efficiency is mainly affected by the properties of propellant grains within a small field around the plasma injector.
Introduction
Plasma injector is an important device in electrothermal-chemical (ETC) launcher [1−3] . Optimizing the structural design of plasma injector and propellant to accurately control the plasma radiation and its interaction with propellant is of considerable significance [4, 5] .
By the end of 2007, the line of sight/beyond line of sight (LOS/BLOS) ETC launcher program was completed by the U.S. Armys Armament Research, Development and Engineering Center (ARDEC), Picatinny Arsenal [6] . A kind of coaxial basepad plasma injector for 120 mm M829A2 and a 100 kJ pulsed power supply (PPS), small and robust enough to be realistically integrated into a combat vehicle, are successfully developed and tested with various chemical propellants and electrical energy levels. In China, the axial and radial discharge ignition scheme and interaction features of different propellants under plasma impingement are discussed by experiments [7, 8] .
Our previous work [9] has used a Monte Carlo method to simulate the transient plasma radiation process in the cartridge. It is shown that radiant energy generates only a small field around the plasma injector in the propellant bed. The responses of energy flux and propellant grains to radiation are both of the order of picosecond. The energy absorbed by propellant grains is used to quickly increase the temperature in the surface layer of propellant grains. The efficiency of energy absorption in the propellant bed and the "hot zone" efficiency are both related to the plasma temperature, average absorption coefficient of propellant grains and porosity in the cartridge. Here the "hot zone" is defined as the area in cartridge where the surface temperature of propellant grains is more than the ignition temperature of propellant grains T c (600 K). The propellant grains have absorbed enough energy and the plasma radiation can ignite these propellant grains instantaneously.
In this work, we still employ the Monte Carlo method with an attempt to understand the characteristics of plasma and its interaction with propellant grains. We try to regulate the propellant characters to optimize the plasma radiation process and to meet the requirement in engineering applications.
Model and assumptions
A Monte Carlo method can effectively simulate the radiation process. Our calculation model was established based on the same assumptions as made in Ref. [9] .
Plasma is a graybody radiation, and the radiant en-
where ε is emissivity, σ is Stefan-Boltzmann constant and T is the plasma temperature. The temperature inside and at the exit of the plasma injector is assumed to be finite and constant. The radiant energy consists of n energy beams and each energy beam has an energy E given by
We also assume that the radiation and absorption of propellant grains follow Kirchhoff's law, based on local thermodynamic equilibrium (LTE) conditions [1, 10] . The propellants are assumed to be spherical and have diffuse reflective surfaces. Their quantum absorption
where α is the average absorption coefficient. We also assume that the scattering direction of the energy beam is random. The wall of cartridge is assumed to have the same absorption characteristics as the propellant grains.
The gases among the propellant grains are assumed to behave as optical film, and also in thermodynamic equilibrium (TE) with the attenuating energy beam E described as
where s is the length of the path and β is the attenuation coefficient of the gases in cartridge. β is assumed to be 0.01 in the calculations.
We also assume that all of the energy absorbed by the propellant grains is used to increase their surface temperature.
A couple of two-dimensional models employed in our calculations are shown schematically in Fig. 1 . All propellant grains are uniformly aligned around the serial arc plasma injector [11−13] in the center of the cartridge, and are characterized by porosity P A , P B and average absorption coefficient α A , α B . Here subscript A and B denote the parameters of zone A and zone B, respectively. Charges of gun are usually composed of main charge and primer charge, which are corresponding to zone A and zone B in our calculations.
A thermal model, as shown schematically in Fig. 2 , is also employed like in Ref. [9] to predict the surface temperature of propellant grains and the temperature distribution in the cartridge [14] . It is reasonable to assume that radiative heat transfer from plasma source and its surrounding environment to the surface of propellant grains is extremely efficient in a strong instantaneous radiation. Thus, the rate of heat transfer from the surface to the inner propellant grains is relatively slow. Based on this assumption, we define the surface layer of propellant grains as the area in the dashed boundaries in Fig. 2 , which can be approximated as an adiabatic boundary.
We also select the parameters of JA2 [14, 15] , i.e., the specific heat at constant pressure C p and thermal conductivity of propellant grain λ are selected as 1520.45 J/(kg·K) and 0.28 W/(m·K) respectively; and the mass of propellant grain is m=5.149 g. We also use the same definition of the efficiency of energy absorption in the propellant bed η p and "hot zone" efficiency η h to describe the absorbency of propellant bed and the ignition by plasma radiation as done in Ref. [9] η
where, E p is the total energy of propellant particles absorbed from plasma and E b is the radiant energy of plasma, calculated by Eq. (1).
where N h is the number of propellant grains in "hot zone" (T s ≥ T c ) and N is the total number of propellant grains in the cartridge.
Results and discussion
All numerical results discussed in this work were obtained after the transfer with 10,000 energy beams in standard condition.
The radiant energy flux distributions in propellant beds with different structures and paraments are shown in Fig. 3 , where T is plasma temperature; D is the width of zone B (normalized by propellant grain diameter); P is the porosity in cartridge; α A and α B are the average absorption coefficients of propellant grains in zone A and zone B, respectively.
It is shown in Fig. 3 that the maximum radiant energy flux in the cartridge always occurs in the high average absorption coefficient area. For model A, when α A < α B [case (a) in Fig. 3] , radiation are mainly concentrated in the area near the plasma injector. Although the radiant energy flux density is higher, it has an uneven distribution in the cartridge. When α A > α B [case (b) in Fig. 3 ], distribution of radiant energy flux in the cartridge is more uniform as anticipated. For model B, when α A < α B [case (c) in Fig. 3 ], the radiant energy flux in zone B is higher than that in zone A. And propellant grains in zone B are easier to rapidly reach the ignition temperature. This is conductive to ignite the propellant grains and spread the fire in the cartridge. When α A > α B [case (d) in Fig. 3 ], radiation are mainly concentrated in zone A.
Time evolutions of the "hot zone" efficiency η h are shown in Fig. 4 for the aforementioned cases. Here light colour solid lines are calculated results when only one kind of propellant grain is loaded. It is shown that η h is mainly affected by the properties of propellant grains within a small space around the plasma injector. Fig.4 Time evolution of the "hot zone" efficiency η h in the aforementioned cases
The calculation results of main parameters are shown in Table 1 . Here t c and q m are the ignition time and maximum radiant energy flux in the cartridge, respectively. η p and η hm are the efficiencies of energy absorption in the propellant bed and the maximum "hot zone" efficiency in the cartridge, respectively. It is indicated in Table 1 that the efficiency of energy absorption in the propellant bed always maintains at a high level (≥93%). It is worth noting that we can have a uniform and anticipated distribution of radiant energy flux in the cartridge in case (b), although the maximum radiant energy flux is lower and the ignition time has a delay. 
Conclusions
Monte Carlo and statistical physics have been employed to model plasma radiation in an electrothermalchemical (ETC) launcher. Radiative energy distribution in the propellant bed has been obtained and its interaction with propellant grains studied. We found that the efficiency of energy absorption in the propellant bed always maintains at a high level. Radiant energy caused by plasma is concentrated around the plasma injector. And the "hot zone" efficiency is mainly affected by the properties of propellant grains within a small field around the plasma injector.
We just discuss preliminarily the radiation optimization problem in theory. Calculation results have some guiding significance for selecting propellant parameters in the engineering design of ETC launchers. Future work should consider the influence of the porosity in cartridge and the shape of propellant grains. 
